We study the coupling of P b0 dangling bond defects at the Si/SiO2 interface and 31 P donors in an epitaxial layer directly underneath using electrically detected double electron-electron resonance (EDDEER). An exponential decay of the EDDEER signal is observed, which is attributed to a broad distribution of exchange coupling strengths J/2π from 25 kHz to 3 MHz. Comparison of the experimental data with a numerical simulation of the exchange coupling shows that this range of coupling strengths corresponds to 31 P-P b0 distances ranging from 14 nm to 20 nm.
I. INTRODUCTION
Design and modeling of semiconductor devices requires the detailed understanding of those defects which influence the electronic properties of these devices. Electron paramagnetic resonance (EPR) is particularly suited to investigate the microscopic structure of paramagnetic defects in semiconductors [1] . In samples and devices, where the number of defects is not sufficient for EPR detection, electrically detected magnetic resonance (EDMR) has been established as a versatile alternative due to its orders of magnitude higher sensitivity compared with conventional EPR [2] [3] [4] [5] [6] . Most EDMR processes involve the formation of spin pairs whose spin symmetry determines the transport properties, resulting in a resonant current change when spins are flipped by microwave irradiation [7] [8] [9] . In particular, spin-dependent recombination processes in silicon have been interpreted successfully in terms of spin pair or donor-acceptor recombination models [10] . An example of such a process is observed in phosphorus-doped silicon near the Si/SiO 2 interface where a spin-dependent recombination process occurs via spin pairs formed by 31 P donors and P b0 dangling bond defects [11] . This spin pair not only serves as a prototype example for other spin-dependent recombination processes, but is also of interest in donor-based quantum information processing [12, 13] with respect to readout of qubit states [14] , providing a spin-to-charge transfer, and decoherence introduced by interface defects [15] . The advent of pulsed electrically detected magnetic resonance (pEDMR) techniques allows to address spin dynamics such as the formation and recombination of spin pairs, spin coherence, coherent control and readout of spins as well as spin-spin coupling [16] [17] [18] .
Spin pairs are characterized by a noticeable coupling between the two spins due to their spatial proximity [19] . However, the coupling strength and its dependence on the * max.suckert@wsi.tum.de spin-spin distance of such spin pairs has not been studied in detail so far. Here, we apply electrically detected double electron-electron resonance (EDDEER) to measure the coupling between 31 P donors and P b0 Si/SiO 2 interface defects. We compare the experimental results with a numerical calculation of the exchange coupling and find that the observed EDDEER signal can be attributed to a distribution of spin pairs relevant for the spin-to-charge detection scheme used here with distances between about 14 nm and 20 nm.
II. EXPERIMENTAL METHODS AND DETAILS
Before we present our experimental results, we shortly review the basic idea of the DEER method, which is widely used in pulsed EPR e.g. to study the structure of complex molecules [20, 21] . The coupling between two spins A and B is measured by the EDDEER pulse sequence sketched in Figure 1 (b) . It consists of a π/2-τ 1 -π-τ 2 -π/2 spin echo sequence [22] , including a final π/2 projection pulse [17] , resonant with the A spins, where π/2 and π denote microwave pulses with corresponding flipping angles and τ 1 and τ 2 periods of free evolution. At time t p after the first π/2 pulse an additional π pulse is applied to invert the B spins. Taking only into account the electron spin Zeeman interaction and the exchange coupling, the spin Hamiltonian of the spin pair is given byĤ
where ω A,B denote the Larmor frequencies of spins A and B, J denotes the exchange coupling constant andσ z the Pauli spin operator. We neglect non-secular terms of the exchange coupling Hamiltonian since |ω A − ω B | ≫ J in this work [22] as well as the dipolar coupling D since it is shown below that D ≪ J for the spin pairs in our sample. The last term in the Hamiltonian has the form of an additional effective magnetic field with its polarity The colored curves represent a fit using Gaussian line shapes. Hyperfine-split resonance lines of 31 P with equal amplitudes of both I = ±1/2 resonances, resonance lines of the dangling bond defects P b0 and P b1 and a central line (CL) of exchanged coupled 31 P or conduction band electrons are observed. (b) The basic pulse sequence of electrically detected DEER consists of a spin echo pulse sequence π/2-τ1-π-τ2-π/2 including a final π/2 projection pulse applied to the A spins plus an inversion π pulse applied on the B spins at a time tp after the first π/2 pulse.
depending on the mutual orientation of spins A and B. Flipping spin B after a time t p therefore changes the local field seen by spin A, resulting in an additional phase ∆φ = J ·t p acquired by spin A during the spin echo pulse sequence. This results in an oscillation of the spin echo amplitude as a function of t p with a frequency determined by the exchange coupling J. For a spin ensemble with a broad distribution of coupling constants the different oscillation frequencies will lead to a strong dephasing, eventually resulting in a decay without oscillations [23] .
In this work we use a ∼20 nm-thick Si:P epilayer with a nominal P concentration of 9 × 10 16 cm −3 covered with a natural oxide and grown on a nominally undoped Si buffer on a silicon-on-insulator substrate. The dimensions of the sample and Ti/Au contacts for electrical measurements are the same as in Reference [19] . In this type of sample, EDMR signals originate predominantly from the 31 P-P b0 recombination process [11] . The sample was mounted with the silicon [001] axis parallel to the static magnetic field B 0 , cooled to a temperature of ∼5 K, biased with 300 mV and illuminated continuously via a glass fiber with the white light from a tungsten lamp at an intensity ∼30 mW/cm 2 , resulting in a photocurrent of 116 µA. We applied microwave pulses at X-band frequencies and adjusted the microwave power such that the π pulse length was 30 ns for both the 31 P and P b0 electron spins, corresponding to a microwave magnetic field B 1 of 0.6 mT. The orientation of the sample was chosen such that the P b0 dangling bond resonance lines are degenerate, thereby facilitating the application of microwave pulses to the P b0 . The current transients after the pulse sequence are filtered, amplified and box-car integrated from 3 µs to 40 µs, yielding a charge ∆Q proportional to the amount of antiparallel spins at the end of the pulse sequence [24] . A lock-in detection scheme with a modulation frequency of ∼500 Hz, corresponding to a shot-repetition time of 2 ms, is used by applying a two-step phase cycle to the last π/2 pulse of the spin echo [25] in order to remove the background resulting from non-resonant photocurrent transients and to decrease the noise level in our measurements.
For the EDDEER measurements, the spin echo resonantly excites the P b0 spins [spins A, g = 2.006 [26] , indicated by the red arrow in the continuous wave (cw)EDMR spectrum shown in Figure 1 (a)] while the inversion pulse resonantly excites both hyperfine lines of the 31 P spins [spins B, g = 1.9985, hyperfine splitting ∆f hf = 117.5 MHz [27] , blue arrows in Figure 1 (a)]. We chose to invert the 31 P spins rather than the P b0 spins, since the smaller inhomogeneous broadening of the 31 P transitions (FWHM = 10 MHz) when compared to the P b0 transition (FWHM = 17 MHz) allows to invert a larger fraction of the 31 P ensemble, resulting in a larger DEER signal [19] .
III. RESULTS
Figure 2 (a) shows an EDDEER echo (black full squares) as a function of τ 2 for τ 1 = 300 ns and t p = 20 ns together with a spin echo without the inversion pulse on the 31 P spins (blue circles). The EDDEER echo is inverted when compared to the simple spin echo as expected since the additional π pulse changes the spin symmetry of the 31 P-P b0 spin pair which governs the spindependent recombination process. The amplitude of the EDDEER echo signal is reduced by a factor of about four when compared to the spin echo. This is a result of the spectral overlap of the low-field 31 P and the P b0 line as shown in Figure 1 (a) , which does not allow a fully selective excitation of the 31 P spins. As a consequence, some P b0 spins also are flipped by the inversion pulse on the 31 P spins leading to a reduction of the echo amplitude. This is confirmed quantitatively by a numerical simulation of the EDDEER and spin echo pulse sequences taking into account the inhomogeneous broadening of the 31 P and P b0 lines. The result of the simulation, shown as red open squares in Figure 2 (a), yields an EDDEER echo amplitude of −0.3 compared to the spin echo in very good quantitative agreement with the experiment.
To quantify the magnitude of the exchange coupling between the spins of the P b0 and 31 P spin pairs at the Si/SiO 2 interface, we recorded a series of EDDEER echoes for different time intervals t p with fixed τ 1 = 2.5 µs. ter subtraction of a linear background. Their amplitudes (red squares) are determined by a Gaussian fit. The echo amplitudes decay exponentially as a function of t p with a decay time constant T = 1750 ± 100 ns, corresponding to a coupling strength of 100 kHz. We interpret this decay as a result of a broad distribution of exchange couplings
within the ensemble of 31 P-P b0 spin pairs which results from a distribution of 31 P-P b0 distances as discussed in detail below.
To exclude that the observed decay is indirectly caused by a recombination process with a time constant in the range of several µs [18] , EDDEER echoes with the inversion pulse in the second free evolution period τ 2 at t p after the π pulse were recorded as shown in Figure  2 (c). In this case, the phase acquired by spin A is given by ∆φ = J(τ 1 − t p ). For a distribution of couplings, we therefore expect an increase of the spin echo amplitude as a function of t p while for a recombination process as the origin of the decay in Fig. 2 (b) also a decrease would be expected here. As shown in Figure 2 (c), for this pulse sequence the EDDEER echo amplitude increases exponentially with a time constant T = 1700 ± 50 ns. The comparison to the time-dependence of the EDDEER echo amplitude in Figure 2 (b) reveals a symmetric behavior of the EDDEER for the inversion pulses in the waiting intervals τ 1 and τ 2 with the same time constant within experimental uncertainty. We therefore conclude that indeed a coupling between the P b0 and 31 P spins leads to the observed behavior rather than a recombination process.
In the following we show that the time constant T of the decay is a result of a distribution of 31 P-P b0 distances compatible with the width of the doped epilayer. To this end, we numerically calculate the exchange coupling as a function of the 31 P-P b0 distance R. We further estimate the expected EDDEER decay by suitably averaging over the distribution of distances of the 31 P-P b0 ensemble. The geometry of the problem from the point of view of a dangling bond defect center P b0 at the Si/SiO 2 interface is shown in Figure 3 . Phosphorus donors are located in the 20 nm thick doped epilayer above the Si/SiO 2 interface.
We calculate the exchange interaction with a HeitlerLondon approach [28, 29] as the energetic difference of the singlet and triplet states. The ground-state wavefunction of the 31 P electron located at R is modeled as an isotropic hydrogen-like orbital
with the effective Bohr radius a * B . The electron effective mass m * = 0.26 m 0 = 3(1/m + 2/m ⊥ ) −1 (with m = 0.98 m 0 and m ⊥ = 0.19 m 0 ) and dielectric constant ǫ = 11.7 in the silicon crystal yield an effective Bohr radius a * B = 2.4 nm [30] . The Bloch character is not included in the simulations since its effect is averaged out for a random distribution of donors [31] . The P b0 wavefunction is mainly localized at the respective Si atom as confirmed by measurements of the hyperfine interaction with the nearest neighbour nuclei [32] . We therefore use a highly localized hydrogen-like orbital with an effective radius of half the Si-Si bond-length a * db ≈ 1.2Å as a simplified model of the P b0 wave function [33] . We calculate the exchange interaction as a function of R solving the integrals numerically with Monte Carlo integration [34] . The result shown in Figure 4 (a) (squares) can be described by an exponential decay with decay constant a * B /2 (red line). For comparison, we also plot the dipole-dipole coupling averaged over all spin pairs with a spin-spin distance R with the 31 P donors spin located on the surface of a hemisphere, described by the angle θ between the vector R connecting the two spins and the magnetic field and the azimuth angle φ [see Figure 4 (b) ] as a function of R [blue dashed line in Figure 4 (a) ], given by D(R) ≈ 26 MHz·nm 3 /R 3 [21] . The dipole-dipole coupling is much smaller than the exchange interaction for all distances ≤ 20 nm, which corresponds to the thickness of the doped epilayer studied, and we therefore neglect its contribution to the 31 P-P b0 coupling. We further calculate the expected EDDEER response ∆Q(t p ) by averaging the oscillations cos[J(R)t p ] over a distribution ρ(R) of 31 P-P b0 distances
where ∆Q(0) is the pulsed EDMR echo amplitude for t p = 0. The integration area shown in grey in Figure 3 is defined by two parameters, the distance d min from the Si/SiO 2 interface and the radius R max around the P b0 center. We assume a constant density of 31 P donors within the 20 nm-thick epilayer for the average over all observed P b0 centers, so that ρ(R) ∝ R 2 . If R max exceeds the width of the doped layer, the integration area is cut accordingly.
The integration boundaries d min and R max used in our model ( Figure 3 ) are a consequence of several constraints concerning the conditions for which pEDMR signals can be observed. Most importantly, the spin allowed transition rate 1/τ ap of electrons between 31 P donors and P b0 centers [18] is expected to depend on the distance R between them [35] . For spin pairs which are too close, the recombination time constant becomes shorter than the free evolution interval of the spin echo and, therefore, these spin pairs do not contribute to the EDDEER signal. For the EDDEER experiments shown above, 2τ 1 = 5 µs, so that spin pairs with τ ap ≪ 5 µs will not be observed. This lower bound of τ ap corresponds to a minimum distance R min between the recombination partners. The typical density of dangling bonds at the Si/SiO 2 interface is 10 12 cm −2 for a native oxide [36] , corresponding to an average distance of ∼10 nm between the P b0 centers. If the average P b0 -P b0 distance is smaller than R min , the overlap of the capture volumes will lead to an effective layer of thickness d min in which all 31 P recombine so quickly that they are not observed in our experiment. As we will see below, this case indeed holds in our samples and we therefore use a minimum distance from the interface d min rather than a minimum distance R min from the considered P b0 center as a lower boundary for the inte-gration interval. In contrast, for spin pairs with too large values of R, the recombination time constants become so long that no recombination occurs during the measurement time interval given by the upper bound of 40 µs of the box-car integration interval, so that spin pairs with τ ap ≫ 40 µs also do not contribute to the EDDEER signal resulting in a maximum spin-spin distance R max . The recombination time constants which are observed in the EDDEER experiment presented, therefore, span a range of more than one order of magnitude.
The experimentally observed decay [red squares in Figure 4 (c) ] is best described by a simulation using Equation (3) for a distribution of 31 P-P b0 distances from d min = 14 nm to R max = 20 nm, as determined by a leastsquares fit (blue line) with d min and R max as free parameters. This corresponds to an average over individual values of the exchange coupling 25 kHz ≤ J/2π ≤ 3 MHz. For comparison, further simulations with d min ranging from 12 nm to 15 nm in steps of 1 nm and R max = 20 nm are shown as well demonstrating that the resulting decay is rather sensitive to variations in d min .
IV. DISCUSSION AND CONCLUSIONS
To further support our model, we estimate the dependence of τ ap on R by assuming that the recombination process involves an electron tunneling process through a potential barrier between 31 P and P b0 . Using the WKBmethod [37] we estimate
where a barrier width R corresponding to the 31 P-P b0 distance and flat bands have been assumed. A first estimate for the potential barrier could be ∆V (x) = 45 meV, corresponding to the binding energy of an electron in the 31 P donor [30] , so that Equation (4) Using Equation (4), we can still obtain an estimate of the expected change of the upper bound R max of the observed range of 31 P-P b0 distances caused by a variation of the upper bound of the boxcar integration interval and compare it with experimental results. To this end, we recorded additional EDDEER decays for boxcar integration intervals ranging from 3 µs to 10 µs (full squares in Figure 5 We here used τ1 = 1 µs instead of τ1 = 2.5 µs to obtain a better signal-to-noise ratio.
as described above. As expected, for an increase of the upper bound of the boxcar integration interval slower decays are observed corresponding to larger R max . We find that the respective EDDEER decays are best described by a simulation of the signals (solid lines) with R max = 19.8 nm, 20 nm and 20.4 nm in reasonable agreement with the variation of 1.4 nm estimated using Equation (4) with ∆V (x) = 20 meV.
The total free evolution time of the spin echo 2τ 1 is longer than the T 2 time of the spins [17] , so that only a small subensemble of ∼2% of the spin pairs contributes to the EDDEER signal also taking into account above d min . However, we assume that the T 2 time of the P b0 spins does not depend on the spin pair distance, so that for this subensemble the range of coupling constants is the same as for the whole spin pair ensemble. Indeed, shortening τ 1 to 1 µs as in Figure 5 leads to essentially the same EDDEER decay time constant.
Based on EDMR experiments some estimates of the spin-spin distances have been reported in the literature. The range of exchange coupling constants found here corresponds well to previous estimates for spin pairs formed by 31 P donors and radiation defects (SL1), where an upper bound of the 31 P-SL1 distance of 20 nm has been reported [38] . The range of coupling constants also compares favorably to the upper bound of J/2π < 5 MHz for 31 P-P b0 spin pairs obtained by Lu et al. [19] . In contrast, a much smaller spin-spin distance of R ≈ 4 nm has been reported based on the observed 31 P decoherence time induced by magnetic field fluctuation at the Si/SiO 2 interface [39] . However, these authors have evaluated their experimental data with a model by de Sousa [15] and mention that not all requirements for the application of the model were met. Using our estimation of the exchange coupling, R ≈ 4 nm would correspond to J/2π ≈ 13 GHz which is not compatible with the experimental data.
The results obtained here suggest a more systematic study of the EDDEER decay for samples with different thicknesses of the doped epilayer and, therefore, different distributions of exchange coupling requiring larger changes of the boxcar integration interval than presented in the proof-of-principle experiments presented here. Ultimately, a δ-doped layer of 31 P donors [40] could provide a much better defined coupling between the donors and the P b0 defects.
To summarize, we have measured the exchange coupling between 31 P donors and P b0 defects at the Si/SiO 2 interface using electrically detected DEER. We find that the measured EDDEER signal can be explained by a distribution of 31 P-P b0 coupling strengths resulting from a distribution of 31 P-P b0 distances over the observed spin ensemble. A simulation of the experimental signal with a numerical calculation of the exchange coupling allows us to understand the experimental results by a distribution of 31 P-P b0 distances ranging from 14 nm to 20 nm corresponding to an exchange coupling from 25 kHz to 3 MHz.
